abstract: The HLA-G molecule is expressed on trophoblast cells at the feto-maternal interface, where it interacts with local immune cells, and upholds tolerance against the semi-allogeneic fetus. Aberrant HLA-G expression in the placenta and reduced soluble HLA-G levels are observed in pregnancy complications, partly explained by HLA-G polymorphisms which are associated with differences in the alternative splicing pattern and of the stability of HLA-G mRNA. Of special importance is a 14 bp insertion/deletion polymorphism located in the 3 ′ -untranslated region of the HLA-G gene. In the current study, we present novel evidence for allelic imbalance of the 14 bp insertion/deletion polymorphism, using a very accurate and sensitive Digital droplet PCR technique. Allelic imbalance in heterozygous samples was observed as differential expression levels of 14 bp insertion/deletion allele-specific mRNA transcripts, which was further associated with low levels of HLA-G surface expression on primary trophoblast cells. Full gene sequencing of HLA-G allowed us to study correlations between HLA-G extended haplotypes and singlenucleotide polymorphisms and HLA-G surface expression. We found that a 1:1 expression (allelic balance) of the 14 bp insertion/deletion mRNA alleles was associated with high surface expression of HLA-G and with a specific HLA-G extended haplotype. The 14 bp del/del genotype was associated with a significantly lower abundance of the G1 mRNA isoform, and a higher abundance of the G3 mRNA isoform. Overall, the present study provides original evidence for allelic imbalance of the 14 bp insertion/deletion polymorphism, which influences HLA-G surface expression on primary trophoblast cells, considered to be important in the pathogenesis of pre-eclampsia and other pregnancy complications.
Introduction
HLA-G is an immunomodulatory molecule with a limited tissue distribution, which, in non-pathological conditions, primarily extends to the extravillous trophoblast cells that infiltrate the decidua during pregnancy (Kovats et al., 1990; Ishitani et al., 2003; Hviid, 2006; Carosella, 2011) . HLA-G is characterized by low polymorphism and an alternative splicing pattern which results in membrane-bound isoforms (HLA-G1, -G2, -G3 and -G4) and soluble isoforms (HLA-G5, -G6 and -G7), either secreted or shed from the surface (soluble HLA-G1) (Ishitani and Geraghty, 1992; Kirszenbaum et al., 1994; Hviid et al., 1998) . Furthermore, several studies show an importance of HLA-G in relation to assisted reproduction and early pregnancy success (Pfeiffer et al., 2000; Fuzzi et al., 2002; Kotze and Kruger, 2013) . Low levels of soluble HLA-G (sHLA-G) in blood plasma during early pregnancy are associated with the subsequent development of pre-eclampsia, and abnormal HLA-G expression in preeclamptic placentas has been described in several studies (Yie et al., 2005; Hackmon et al., 2007) .
HLA-G has been shown to inhibit natural killer and T-cell-mediated cell lysis through interaction with the receptors immunoglobulin-like transcript (ILT) 2, ILT4 and killer Ig-like receptor 2 DL4 (KIR2DL4) (Ponte et al., 1999; Rajagopalan and Long, 1999; Riteau et al., 2001; Menier et al., 2002) . Also, HLA-G may-to some degree-induce a shift from a proinflammatory T-helper 1 (Th1) cell-mediated response toward a Th2 response (Kapasi et al., 2000; McIntire et al., 2004) . Finally, HLA-G can inhibit an allocytotoxic T lymphocyte (CTL) response, inhibit the proliferation of CD4 + T-cells and induce CD4 + T-cell anergy, and this may contribute to long-term immune escape or tolerance (LeMaoult et al., 2005) . The functional mRNA level of HLA-G is regulated by the rate of synthesis, mainly driven by the promoter region and the 5 ′ -upstream regulatory region (5 ′ -URR), in addition to the rate of degradation, stability, localization and translatability of the specific mRNA (Kuersten and Goodwin, 2003) . Also, the 3 ′ -untranslated region (3 ′ -UTR) of the HLA-G gene exhibits several regulatory elements including AU-rich motifs and a poly-A signal that influence mRNA stability, turnover, mobility and splicing pattern (Hviid et al., 2003; Donadi et al., 2011) . The 5 ′ -URR and 3 ′ -UTR regions present a larger degree of variation compared with the coding region of the HLA-G locus, and may have functional significance for mRNA stability and the further processing of the HLA-G transcripts (Hviid et al., 2003; Rousseau et al., 2003; Hviid, 2006) . In accordance, a reduced level of HLA-G mRNA has been observed in pre-eclamptic placentas, which correlated with the HLA-G genotype (O'Brien et al., 2001) , and several potentially important polymorphisms have been described in the 5 ′ -URR and the 3 ′ -UTR of the HLA-G gene (Hviid et al., 1999; Ober et al., 2003; Larsen et al., 2010; Donadi et al., 2011) . A 14 bp insertion/deletion (ins/del) polymorphism (rs 66554220) is the best studied in the 3 ′ -UTR of the HLA-G gene. It was first described by Harrison et al. (1993) and has been shown to influence mRNA transcript size and stability (Hviid et al., 2003; Rousseau et al., 2003) . In some cases, the presence of the 14 bp insertion allele generates a 92 bp deletion in the 3 ′ -UTR of the HLA-G mRNAs (Fujii et al., 1994; Hviid et al., 2003) . The 14 bp ins/del is associated with severe preeclampsia in some but not all studies (Hylenius et al., 2004; Hviid, 2006; Hviid et al., 2006; Iversen et al., 2008; Larsen et al., 2010) .
The polymorphic sites at the 3 ′ -UTR and at the 5 ′ -URR might be in linkage disequilibrium (LD) and in combination with polymorphic sites in the coding regions, define specific promoter-, coding-and 3 ′ -UTR haplotypes that could simultaneously influence the transcription and the stability of the HLA-G mRNA transcripts (Castelli et al., 2010) . If this is the case, the haplotype should be evaluated instead of single polymorphisms to determine the significance of allelic variations of HLA-G on expression and function. An emerging topic in the field of allele-specific expression is mRNA allelic imbalance, where regulatory polymorphisms are found in mRNA transcribed from one allele in heterozygous single-nucleotide polymorphism (SNP) sample pairs skewing the expression toward the other allele. This can give rise to higher abundance of mRNAs for one allele over the other, which contributes to variation of gene expression. Allelic imbalance is common in humans and has lately been described to be of clinical relevance in cancer (Shen et al., 2011) .
Nucleotide variation in the non-coding parts of the HLA-G gene seem to influence the expression of HLA-G, and a range of studies have reported abnormal levels of HLA-G in the maternal blood and in the placenta in pre-eclampsia and in spontaneous abortions (Colbern et al., 1994; Hara et al., 1996; Yie et al., 2005; Hackmon et al., 2007; Steinborn et al., 2007; Rizzo et al., 2009; Darmochwal-Kolarz et al., 2012; Zhu et al., 2012) . However, no studies have investigated correlations between HLA-G genetics, mRNA expression and the expression levels of membrane-bound HLA-G on trophoblast cells simultaneously.
To further understand the influence of the gene polymorphism on levels of transcripts and cell surface expression of HLA-G, we comparatively analyzed the presence of the 14 bp ins/del polymorphism and a range of SNPs defining specific haplotypes in the HLA-G gene, and the surface HLA-G protein expression on primary trophoblast cells from first trimester of pregnancy. We found that allelic imbalance is evident for the 14 bp ins/del polymorphism, and this is associated with significant differences in HLA-G protein expression. This is the first large and extensive study of correlations between the levels of HLA-G protein expression on the surface of trophoblast cells and the HLA-G genotype. A given correlation may prove to have functional significance, and may affect the final outcome of pregnancy.
Materials and Methods

Overview of the experimental approach
The overall experimental approach is presented in Fig. 1A . Droplet digital PCR (ddPCR, Fig. 1B ) is a very sensitive and precise method for quantification of specific cDNA copies (mRNA transcripts) or specific genomic DNA sequences using a water-oil emulsion droplet technology (Huggett et al., 2013) .
First trimester placental tissue
First trimester placental tissue (n ¼ 46 in total) was obtained from women undergoing elective termination of normal pregnancies (gestational age week 7 -11) at Copenhagen University Hospital (Roskilde and Herlev), Copenhagen, Denmark. All placental samples were analyzed for membranebound HLA-G1 expression and full gene sequencing of HLA-G. Forty-one samples were included in the assessment of HLA-G allelic imbalance. The Ethical Committee of Region Zealand approved the study and written informed consent was obtained from all participants. Placental tissue was either fixed in RNAlater for ddPCR studies, snap-frozen on dry ice for genotyping or used immediately to isolate trophoblast cells for flow cytometric analysis. In most cases, maternal EDTA-stabilized whole blood was obtained for reference genotyping and assessment of cross-contamination between maternal and placental (fetal) tissue (Supplementary data, Fig. S1 ).
Isolation of trophoblast cells from first trimester placental tissue
First trimester placental tissue was obtained within 1 h post-elective termination of pregnancy. Primary trophoblast cells were isolated as follows. Placental tissue was dissected, scraped from the membranes and washed with cold Hanks' balanced salt solution (HBSS; Gibco-Invitrogen, Carlsbad, CA, USA) to remove excess blood. The cells were transferred to 0.25% trypsin -EDTA digestion buffer (Gibco-Invitrogen) and incubated at 378C for 10 min with shaking. Trypsin digestion was inactivated by adding 10% fetal bovine serum (FBS). This step was repeated twice. Contaminating red blood cells, tissue debris and granulocytes were removed by resuspending the cellular pellet in 20 ml HBSS, and carefully layering this over 10 ml of Lymphoprep (AXIS-SHIELD PoC AS, Copenhagen, Denmark), centrifuging at 700g for 20 min with no brake. The cellular interface containing the trophoblast cells was harvested and further enriched by depleting leukocytes with CD45 Dynabeads (Life Technologies Europe BV, Nearum, Denmark) according to the manufacturer's instructions. Enriched trophoblast cells were resuspended in fluorescence-activated cell sorter (FACS) buffer for flow cytometric analysis.
Flow cytometric analysis of trophoblast cells
Trophoblast cells were analyzed for surface HLA-G expression by flow cytometric analysis using the BD FACSCanto II flow cytometer, and the data were analyzed using BD FACSDiva TM software version 6.0 (BD Biosciences, San Jose, CA, USA). In brief, isolated trophoblasts were washed twice with ice-cold buffer phosphate-buffered saline/1% bovine serum albumin (1% BSA). The cells were incubated at 48C for 30 min in the dark with selected monoclonal antibodies (mAb): anti-HLA-G-PE (MEM-G, Exbio, Praha, Czech Republic), anti-c-erbB2-APC (eBioscience, Aarhus, Denmark), anti-CD45-FITC (BD Pharmingen, Albertslund, Denmark) and isotype-matched controls (BD Pharmingen). Following two washes, the cells were resuspended in 300 ml ice-cold FACS-buffer supplemented with BSA and analyzed. The HLA-G expression on trophoblast cells is expressed as the mean of relative fluorescence intensity determined as follows: the mean fluorescence intensity obtained with specific mAb minus the mean fluorescence intensity obtained with irrelevant isotype-matched mAb.
RNA isolation and cDNA preparations for the identification and quantification of HLA-G mRNA levels frequencies with ddPCR. ddPCR is a very sensitive and precise method for quantification of specific cDNA copies (mRNA transcripts) or specific genomic DNA sequences using a water-oil emulsion droplet technology. A PCR sample is fractionated into 15 -20 000 droplets in a microtiter well. PCR amplification of the specific template molecules occurs in each individual droplet with a template. The template cDNA/DNA is diluted to an extent, where only a fraction of the droplets include a template copy. Following PCR, each droplet is analyzed in a flow cytometer to determine the fraction of PCR-positive droplets that are droplets with a specific fluorescence signal above background, in the original sample.
Allelic imbalance and HLA-G expression on trophoblasts manufacturer's protocols. DNA concentration and optical density (A260/ A280) was determined using the MultiScan apparatus.
Microsatellite analysis for the detection of cross-contamination
Maternal cross-contamination of placental (fetal) tissue was assessed with Promega's Powerplex ESI 17 Pro System (Promega, Fitchburg, WI, USA) for microsatellite detection. In brief, the reaction mixture consisted of the PowerPlex w ESI 5X Master Mix, the PowerPlex w ESI 17 Pro 10X Primer Pair Mix and genomic DNA (0.5 ng) extracted from placental tissue and from maternal whole blood; the latter was used as a control. Water (amplification grade) was added to a final reaction volume of 25 ml. The thermal cycling protocol comprised an initial single-cycle denaturation step at 968C for 2 min, then 30 cycles of 948C for 30 s, 598C for 2 min and 728C for 90 s, followed by a final cycle at 608C for 45 min before soaking at 48C. One microliter of each amplified fragment was added to a loading cocktail containing 1 ml of CC5 Internal Lane Standard 500 Pro and 10 ml of water to a final volume of 12 ml. The samples were denatured at 958 for 3 min and immediately chilled on ice. Amplified fragments were detected using a 3500 Genetic Analyzer (Life Technologies) and analyzed with GeneMarker HID software V2.4.0 (SoftGenetics, State College, PA, USA).
HLA-G real-time PCR end-point genotyping assays
The HLA-G 14 bp ins/del polymorphism was assessed according to a recently published real-time RT-PCR genotyping assay using the LightCycler480 (Roche) (Djurisic et al., 2012) . The primer set was as follows: 5 ′ GTG ATG GGC TGT TTA AAG TGT CAC C 3 ′ (HLA-G14-forw), and 5 ′ GGA AGG AAT GCA GTT CAG CAT GA 3 ′ (HLA-G14-rev). The 14 bp deletion allele was detected with a Cy5-probe: 5 ′ Cy5-GAG TGG CAA GTC CCT TTG TG-BHQ-3 3 ′ (HLAGdelCY5) and the 14 bp insertion allele with an FAM probe: 5 ′ FAM-CAA GAT TTG TTC ATG CCT TCC C-BHQ-1 3 ′ (HLA-G14-FAM). The +3142 polymorphism was assessed with the same primer set and thermal cycling protocol as the 14 bp ins/del polymorphism. However, probe designs were adopted from a recent publication (Bortolotti et al., 2012) .
Full-gene DNA sequencing of HLA-G Four PCR primer sets were used to amplify the coding region of HLA-G and upstream and downstream regions (app. 2000 bases long) that flank the coding region (Table I ). The reaction mixture consisted of the GoTaq Hotstart Mastermix (Promega, Fitchburg, WI, USA) and extracted genomic DNA. The thermo cycling protocol was as follows: hot start (958C for 2 min) for one cycle and then 40 cycles of denaturation (908C for 30 s), annealing (668C for 60 s), amplification (728C for 120 s) and a final extension step (728C for 5 min). For the full gene sequencing, a total of 17 primers (a -q) were used on the four PCR fragments (Table I ). The PCR product was directly sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, CA, USA) and a 3500 Genetic Analyzer (Life Technologies). The DNA sequence analyses were performed with Mutation Surveyor V4.0.9 (SoftGenetics, State College, PA, USA). As no consensus sequence for the full HLA-G gene exists, the reference sequence used for these analyses was assembled using the coding sequence found in the IMGT/HLA database and the 5 ′ -URR and 3 ′ -UTR regions presented in the NG_029039 sequence from NCBI, which also has a reference in Ensemble, ENSG00000204632. Initial quantification of the 14 bp ins/del allele frequencies was performed with an RT-PCR assay using the LightCycler480, with the same master mixture under the same cycling conditions as described for the previously published end-point genotyping assay but with cDNA as template. The forward primer was 5 ′ TACTCTCAGGCTGCAATGTGAAAC 3 ′ (FwdEx6-Ex8cDNA), and the reverse primer was 5 ′ CTGGAACAGGAAAGGT GATTGG 3 ′ (RevEx8cDNA). The 14 bp deletion was detected with an FAM probe: 5 ′ FAM-GAG TGG CAA GTC CCT TTG TG-BHQ-3 3 ′ (HLAGdelFAM), and the 14 bp insertion allele with another FAM probe: 5 ′ FAM-CAA GAT TTG TTC ATG CCT TCC C-BHQ-1 3 ′ (HLA-G14-FAM). Each allele-specific probe was run separately, but both reactions included a reference Yakima Yellow (YaY) probe, which detected all HLA-G transcripts: 5 ′ Yakima Yellow-CACCATGACCCTCTTCCTCATG CTG-BHQ-1 3 ′ . Another more sensitive assay for which data are presented was performed using the QX100 Droplet Digital PCR system (Bio-Rad, Hercules, CA, USA), to consolidate the results. Each reaction mix consisted of the following: 2× ddPCR Supermix, 20× specific target primers, 20× specific target FAM probes, 20× reference Yay-probe, 1 -3 ml cDNA template and the mixture was adjusted with PCR grade water to a final volume of 20 ml. The thermal cycling conditions were as follows: enzyme activation, 958C for 10 min (1 cycle); denaturation, 948C for 30 s. (40 cycles); annealing/extension, 578C for 1 min (40 cycles); and hold 988C for 10 min (1 cycle). The ddPCR data were analyzed with QuantaSoft analysis software (Bio-Rad), and the quantification of either the deletion or the insertion allele was presented as the number of copies per microliter of PCR mixture.
Fragment analysis for detection of HLA-G isoforms
Primers were designed to amplify all HLA-G isoforms as follows: forward primer 5
′ -Fam-CACAGACTGACAGAATGAACCTGCA-3 ′ (Fam-5G2RNA), and reverse primer 5 ′ -GAAGGAATGCAGTTCAGCATGA-3 ′ (RHG4). Each reaction mixture consisted of 13.5 ml Go Taq qPCR Master Mix (Promega, USA), 8 ml nuclease-free water, 0.5 ml forward primer and 0.5 ml reverse primer (100 pmol/ml), and 2.5 ml cDNA synthesized from 600 ng/ml RNA. The thermal cycling conditions were as follows: one cycle of 958C for 2 min, and 40 cycles of 948C for 30 s, 628C for 1 min and one last cycle of 728C for 10 min. The amplified products were heated for 3 min on a heating block and put on ice. For each analysis, 2 ml PCR product was added to 0.5 ml GeneScan-1200 Liz Size Standard (Life Technologies) and 10 ml nuclease-free water. The fragment analysis was performed with a 3500 Genetic Analyzer, and analyzed with GeneMarker software V2.4.0. Predicted sizes are depicted in Fig. 4 and in Supplementary data, Table SII . 
Statistical analyses
Results
No maternal cross-contamination of the first trimester trophoblast tissue
The presence or absence of maternal cross-contamination was assessed with microsatellite analysis in 15 placental samples, focusing on samples that showed a high degree of allelic imbalance. No evidence of maternal contamination was present in any of the tested samples (Supplementary data, Fig. S1 ).
HLA-G1 surface expression in relation to the 14 bp ins/del genotype groups
All samples were genotyped for the 14 bp ins/del polymorphism and analyzed for HLA-G1 surface expression via flow cytometry ( Fig. 2A-D) . Enrichment of trophoblast cells was performed before flow cytometry analysis by depleting the CD45-positive leukocytes from the cell suspension. The gating strategy for trophoblast cells isolated from first trimester placentas in the flow cytometry analyses were as follows: initially, trophoblast cells were gated based on forward scatter and side scatter; however, the isolated pool of trophoblast cells also contain the villous type, and only the extravillous trophoblast fraction expresses HLA-G ( Fig. 2A) . Therefore, extravillous trophoblast cells were identified by co-expression of HLA-G (with anti-MEM-G/9 mAb) and c-erbB-2 ( Fig. 2C and D) . When HLA-G surface expression on trophoblast cells was analyzed based on one-way ANOVA and according to the HLA-G 14 bp ins/ del (I/D) genotype, there was no significant difference between genotype groups (Fig. 2E) . However, the HLA-G del/del genotype showed the highest expression, ins/del an intermediate expression and ins/ins showed the lowest expression. Comparing the homozygous genotypes using an unpaired t-test, the ins/ins genotype was shown to express a significantly lower HLA-G level than the del/del genotype (P ¼ 0.046). Samples that were heterozygous for the null allele (depicted as unfilled data points on Fig. 2E ) were included. The argument for including the four heterozygous samples with the null allele in the two homozygous groups (del/del and ins/ins) is based on the assumption that the null allele does not contribute to HLA-G1 protein on the cell surface. A relatively low level of surface expression of the four null-heterozygous samples was also observed. Moreover, the three N:D samples exhibited a higher surface expression than the N:I sample, which further supports the approach. One sample (Sample 9) was considered an outlier and omitted from the analysis.
Defining HLA-G haplotypes and genotypes (Table III and Supplementary data, Tables SIA and SII). The null allele was defined by a deletion at position +814 in exon 3 leading to a premature stop codon that prevents translation of the full-length HLA-G1.
Allelic balance/imbalance of the 14 bp ins/del HLA-G polymorphism is associated with HLA-G1 surface expression on trophoblast cells
To investigate the effect of the 14 bp ins/del on allelic expression or frequency at the mRNA-level, we performed allele-specific ddPCR on cDNA synthesized from total RNA extracted from 41 individual placental tissues. The concentration of the specific HLA-G 14 bp allele was acquired as copies/ml and a ratio between the 14 bp ins/del allele-specific probe and a reference probe could be calculated. Each sample was analyzed in duplicate or triplicate with an allele-specific probe ('Ins' for 14 bp insertion or 'Del' for 14 bp deletion) in combination with a reference probe that covered all transcripts, and a ratio between the two alleles was calculated after adjustment with the reference. This adjustment was conducted to ensure that the proportion of allelespecific transcripts would sum up to 1 and that a true ratio was reflected in the end concentration of total transcripts. The samples categorized with balanced allelic expression have a mean of 0.50 and a standard deviation of 0.01. A 50:50 allelic expression was considered for single allele ratios 0.50 + SD 0.03. Allelic ratios that strayed from a mean of 0.50 + SD 0.03 were considered imbalanced, and the samples were grouped accordingly (Fig. 3A) . The ddPCR results revealed different degrees of expression. An interesting pattern was observed regarding the relative levels of all the 14 bp ins HLA-G transcripts (the 292 bp transcripts excluded) versus all the 14 bp del transcripts when analyzing the trophoblast samples heterozygous for the 14 bp ins/del polymorphism (Fig. 3A) . One group of 14 bp ins/del heterozygous trophoblast samples had an allelic frequency very close to 1:1 (n ¼ 8), while another group had a higher fraction of the 14 bp del allele transcript compared with the 14 bp ins allele transcript (n ¼ 12). In only three trophoblast samples, a slight deviation in favor of the 14 bp ins allele was observed (Fig. 3A) . The differences were statistically significant (P ¼ 0.004, paired t-test). The same was observed for the HLA-G1 mRNA isoform, when data from the HLA-G RT-PCR fragment analysis were analyzed (P ¼ 0.006, paired test; Fig. 3B ). The allelic expression of the 14 bp ins/del alleles was confirmed with real-time RT-PCR, although the method was less sensitive than ddPCR (data not shown). When subdividing the heterozygous group according to the specific 14 bp ins/del allele frequency, a significantly higher surface expression was observed for samples with an allele frequency of 1:1, compared with samples where the allele frequency was skewed towards a higher prevalence of either ins or del (P ¼ 0.0005, one-way ANOVA; Fig. 3C ).
Allelic balance of the 14 bp ins/del HLA-G polymorphism is highly represented in samples containing the G*01:01:03:01 allele
The question whether the observed allelic imbalance was associated with a specific HLA-G genotype was addressed by whole-gene sequencing, and samples heterozygous for the 14 bp polymorphism were further evaluated for specific SNPs and extended promoter-, coding-and 3 ′ -UTR haplotypes. No significant differences between the two ins/del groups (subdivided according to allelic balance/imbalance) were found for the 5 ′ -URR haplotype (Table II) , and all except one sample was characterized by the PROMO-010102a promoter haplotype as described by Comparing the homozygous genotypes, the HLA-G ins/ins genotype was shown to express a significantly lower HLA-G level than the del/del genotype (P ¼ 0.046, unpaired t-test). Samples heterozygous for the null allele (depicted as unfilled data points) were included. Data are shown as mean + SEM. One sample (Sample 9, not depicted) was considered an outlier and omitted from the analysis. MFI, mean fluorescence intensity. Castelli et al. (2011) . This finding indicated that the 14 bp ins/del allelic imbalance was not a result of different transcriptional rates of the two alleles. Instead, three SNPs (+188 C/T located in intron 1, +748 A/T in exon 3 and the 3027 C/A in the 3 ′ -UTR) were significantly different between the allelic balanced and imbalanced groups (P ¼ 0.025, 0.021 and 0.021, respectively, Table II ). When analyzing the data according to promoter, coding and 3 ′ -UTR haplotype, the 3 ′ -UTR haplotype UTR-7 was significantly more abundant in the balanced group (P ¼ 0.021, Table II) . These results may merely be a reflection of the extended haplotype H16 (12), which is represented in the G*01:01:03:01 allele, as the presence of this allele is significantly different between the two subgroups (P ¼ 0.021, Table II ).
Estimation of HLA-G isoform mRNA distribution reveals inter-sample variations and a higher G3 abundance in 14 bp deletion transcripts Seven transcript isoforms are described for HLA-G. To further investigate whether the ddPCR analysis performed on all transcripts reflects primarily the G1 transcript, or the sum of transcripts, a full isoform profiling was performed with RT-PCR fragment analysis on 37 placental samples. In this assay, RT-PCR primers were designed to amplify all HLA-G mRNA isoforms (Fig. 4A) . Most samples were shown to express all alternatively spliced HLA-G mRNA isoforms that corresponded to predicted sizes Allelic imbalance and HLA-G expression on trophoblasts ( Fig. 4A and B and Supplementary data, Table SII ). Estimating the peak height enabled a semi-quantitative evaluation of the relative isoform distribution. For simplicity, only the G5, G3, G2/4 and G1 isoforms (including the 92 bp splice-out transcripts) were evaluated, although additional peaks, possibly representing other isoforms such as G6 and G7, were readily noticed (Supplementary data, Table SII ). First, the 14 bp ins/del allele frequencies in the full-length G1 isoform transcripts were assessed, showing a significantly higher expression of the 14 bp del allele, which confirmed the findings from the complementary ddPCR specific for the 14 bp insertion and deletion allele in all transcripts (P ¼ 0.006, Fig. 3B ). Interestingly, no significant difference was found in the total amount of any of the isoforms, G1, G2/4, G3 and G5 between the allelic balanced and imbalanced heterozygous groups (data not shown). In addition to allelic imbalance for the 14 bp insertion/deletion being negatively associated with the insertion transcript, we found that this was also the case for the alternative transcript lacking 92 bp (P ¼ 0.022, Mann-Whitney test) (Fig. 4C) . HLA-G1 represented the majority of transcripts in most samples. In a few cases, HLA-G3 was the dominant isoform (Samples 27 and 35, Fig. 4B) . Interestingly, the HLA-G RT-PCR fragment length analysis revealed that in samples heterozygous for the null allele the 92 bp transcript was still present. A previous study has suggested that out-splicing of the 92 bp from G2/4 only occurs for the G*01:01:03 allele; however, the presence of this alternative transcript was also observed for other alleles in this study (Supplementary data). Second, the proportions of G1, G3, G2/4 and G4 were evaluated according to the 14 bp ins/del genotype. Notably, a higher relative abundance of G3 was associated with the del/del genotype (P ¼ 0.003, Kruskal-Wallis test, Fig. 4D ), while G5 and G1 (including the 92 bp transcripts) were associated with the ins/del genotype (P ¼ 0.001 and 0.011, respectively, Kruskal -Wallis test; Fig. 4D ). No significant difference was observed for the G2/G4 transcript.
Analysis of SNPs spanning the 5
′ -URR and 3 ′ -UTR shows single effects on protein level
The HLA-G gene was DNA sequenced and evaluated for 54 SNPs and the 14 bp ins/del polymorphism for all samples. All of the genotyping results were confirmed by DNA sequencing during haplotype profiling. Where sample size allowed it, each SNP was confirmed to be in Hardy -Weinberg equilibrium (data not shown). The four genotypes, 2725, +3010, +3142 and +3187 with more than three samples in each genotype group were tested using the one-way (between groups) ANOVA. The statistical comparison was further based on a comparison between the two homozygous genotypes for each of the four SNPs (unpaired test with Welch's correction when appropriate). For the other SNPs, the two represented genotypes for each SNP were compared (unpaired test with Welch's correction when appropriate). The P-values were adjusted by multiplying with the number of possible genotypes (Pc ¼ corrected P-value).
Of the a priori selected HLA-G SNPs, four could be evaluated for all three genotypes. Three of these showed an overall significant difference between HLA-G protein expression on trophoblast cells. The 2725 tri-allelic SNP in the 5 ′ -URR (P ¼ 0.030, one-way ANOVA, Welch), the +3010 SNP (P ¼ 0.004; one-way ANOVA, Welch) and the +3142 SNP (P ¼ 0.014; one-way ANOVA, Welch) in the 3 ′ -UTR ( Fig. 5A and B, only P-values from the post t-tests are depicted in the figure) . Furthermore, in the 3 ′ -UTR, the +3196 C/C genotype was significantly associated with a higher HLA-G surface expression (P ¼ 0.019, Pc ¼ 0.056, unpaired t-test). The HLA-G surface expression on trophoblast cells was higher for the UTR-1 haplotype compared with the UTR-2 haplotype, although not statistically significant, most likely due to sample size (Fig. 5C ). A single sample (Sample 9) represented the H10/H10 extended haplotype, which includes the UTR-2/UTR-2 3 ′ -UTR haplotype. Of all the samples, this one sample exhibited the highest surface expression and was, due to inconsistency in the genotype/surface expression association assessment, considered an outlier and excluded from the SNP/14 bp analysis (Fig. 5) . ′ -UTR haplotype. One sample (Sample 9) was considered an outlier and not included in the analyses, although it is shown in the figures for reference. The four genotypes, 2725, +3010, +3142 and +3187, with more than three samples in each genotype group were tested using the one-way (between groups) ANOVA, and the 2725, +3010 and +3142 SNPs were significantly different after Welch's correction (not shown in graph). The statistical comparison was further based on an unpaired t-test with Welch's correction, when appropriate, comparing the two homozygous genotypes for each of the four SNPs. For the other SNPs, the two represented genotypes for each SNP were compared with the use of an unpaired t-test (with Welch's correction when appropriate). The P-values were adjusted by multiplying with the number of possible genotype outputs (Pc ¼ corrected P-value). Both the adjusted and the non-adjusted P-values are shown, and the data are presented as mean + SEM.
Discussion
The main finding of the present study is that the HLA-G 14 bp ins/del polymorphism exhibits allelic imbalance, also described as differential mRNA expression of the two alleles. Allelic imbalance was shown to have functional consequences, leading to a significantly lower surface expression on primary trophoblast cells, while allelic balance was associated with significantly higher surface expression. Accumulating evidence emphasizes the importance of HLA-G expression on extravillous trophoblast cells at the feto-maternal contact zone during first trimester of pregnancy, and possibly already at the time of implantation (Liu et al., 2013; Lombardelli et al., 2013; Dahl et al., 2014; Lynge Nilsson et al., 2014) . In essence, maternal acceptance of the semi-allogenic fetus is attributed to the effects of HLA-G on long-term immune modulation or tolerance (LeMaoult et al., 2005; Hviid, 2006) . Although studies show that HLA-G is not genetically imprinted and that bi-parental alleles are co-dominantly expressed (Hashimoto et al., 1997; Hviid et al., 1998) , other factors may regulate gene expression levels so that the allelic frequency is not always 1:1, a phenomenon described as allelic imbalance. Cis-acting polymorphisms may alter regulation for one allele through a change to promoter/enhancer regions or through 3 ′ -UTR polymorphisms that affect mRNA stability or microRNA binding, and this may increase or decrease the expression of one allele to a lesser or higher degree, resulting in imbalance. Allelic imbalance might have functional and thus clinical significance, as observed in studies with cancer (Shen et al., 2011; Antczak et al., 2013) . In accordance, the significantly lower HLA-G protein expression associated with allelic imbalance in the 14 bp ins/del polymorphism presented in the current study may influence the tolerance-inducing function of HLA-G. In heterozygous sample pairs, allelic imbalance was observed as specific expression skewed toward either the 14 bp insertion or the deletion allele. Differential expression has been indicated in previous studies, which have shown that the 14 bp deletion allele is present at higher concentrations in cells (Hviid et al., 2003; Rousseau et al., 2003) , although these studies failed to distinguish that an actual balanced group also existed, and importantly, that allelic imbalance versus allelic balance has consequences for the levels of HLA-G surface expression.
Our previous study in HLA-G1-transfected cells indicated that the 14 bp deletion transcript is the least stable (Svendsen et al., 2013) . In line with this finding, the higher abundance of the deletion transcript may compensate for the seemingly lower mRNA transcript stability of this allele. A lower expression of insertion transcripts found in samples with allelic imbalance is equivalently observed as lower expression of the 292 bp transcript variant in our study. Apart from the 14 bp ins/ del, no extended haplotype or single polymorphism was associated with allelic imbalance. Interestingly, allelic balance, in contrast, was associated with three genotypes: +188 C/C, +748 A/A and +3027 C/C. All represented in the G*01:01:03 allele, which also represents the 3 ′ -UTR haplotype, 7-UTR, discussed below. The G*01:01:03 allele has been associated with reduced sHLA-G plasma levels (Rebmann et al., 2001) , which could indicate a different effect of this allele on cell surface expression versus circulating levels. Despite the fact that the coding region of G*01:01:03 represents synonymous nucleotide variations, commonly perceived as neutral, two out of three SNPs that differed between the allelic balanced and imbalanced groups, reside in intron 1 and exon 3 of the coding region. Indeed, recent data show that synonymous nucleotide variations can induce significant changes in the mRNA folding, thereby affecting higher-order structure, and may in fact not be neutral at all (Shabalina et al., 2013) . Studies on HLA-G polymorphisms are mainly focused on the 14 bp ins/ del due to a well-documented association with pregnancy complications, autoimmune disease, transplantation and cancer (LeMaoult et al., 2005; Dahl et al., 2014; Sabbagh et al., 2014) . However, several recent studies have shown that other polymorphic sites, primarily residing in the 3 ′ -UTR of the HLA-G gene, are associated with differential HLA-G solubility levels in non-pregnant donors (Hviid, 2004; Chen et al., 2008; Di Cristofaro et al., 2013; Martelli-Palomino et al., 2013) and variable levels of membrane-bound HLA-G on myeloid antigen-presenting cells (Locafaro et al., 2014) . Although these associations have been demonstrated for 3 ′ -UTR polymorphisms, we wanted to explore the significance of 3 ′ -UTR, coding and 5 ′ -UTR nucleotide variations on HLA-G surface expression on trophoblast cells. To this end, the full HLA-G gene was DNA sequenced for each placental sample. We found similar trends as a recent study investigating associations between HLA-G genotypes and sHLA-G in plasma (Martelli-Palomino et al., 2013) , more specifically in relation to the 14 bp ins/del, +3003, +3010, +3142 and +3187 SNPs, but not for the +3027 and +3035 SNPs. In the Martelli-Palomino et al. (2013) study, no association was found between sHLA-G and the +3196 SNP otherwise speculated to be involved in mRNA stability. In our study, the differences between SNP genotypes were statistically significant for +3010, +3142 and +3196, and interestingly, the +3010 C and +3142 G alleles, which presented with the lowest HLA-G surface expression in the current study, were recently linked to systemic lupus erythematosus (SLE) susceptibility (Lucena-Silva et al., 2013) . The transcription rate of HLA-G is regulated by the 5 ′ -URR, but only the tri-allelic 2725 C/G/T SNP has been associated with differences in HLA-G expression, where the presence of the G variant significantly increases the HLA-G transcription rate in a JEG-3 cell line (Ober et al., 2006) . We found no significant difference in the HLA-G cell surface expression on trophoblast cells between the 2725 C/C genotype and the 2725 C/G genotype, possibly due to high surface expression variation in the 2725 C/G group. However, we did find a significant higher HLA-G surface expression for the 2725 C/C compared with the 2725 C/T Figure 5 Continued.
genotype. The 256 C/T genotype in the 5 ′ -URR showed a trend for a lower HLA-G cell surface expression compared with the 256 C/C genotype. Interestingly, the 256 SNP is located in a Ras Response Element previously described as a binding site for the repressor factor RREB1 (Ras Responsive Element Binding 1) implicated in transcriptional repression of HLA-G expression (Flajollet et al., 2009) . Alleles from the 3 ′ -UTR polymorphic sites are associated with HLA-G production and are in strong LD with each other, illustrating a scenario in which their influence may not be mutually exclusive (Castelli et al., 2010) . Indeed, the 14 bp ins/del and the 7 3 ′ -UTR SNPs earlier described exist in different combinations generating 8 different 3 ′ -UTR haplotypes, UTR-1 to UTR-8 (Castelli et al., 2010) . Individuals carrying the UTR-1/UTR-1 genotype have significantly higher sHLA-G levels than the UTR-2/UTR-2 haplotype (Di Cristofaro et al., 2013) . We observed the same tendency for membrane-bound HLA-G: UTR-1 exhibited higher surface expression than UTR-2. This applied for UTR-1 homozygous samples, UTR-1 and UTR-2 heterozygous samples and UTR-1 and UTR-2 samples heterozygous for the null allele. Interestingly, our allelic imbalance study showed that UTR-7 was significantly more represented in the allelic balanced samples, and thus, UTR-7 was associated with the highest HLA-G cell surface expression level. The UTR-7 haplotype is characterized by the presence of G at position +3142 and, conversely, has been described as a low-producer haplotype by others, but only for sHLA-G in plasma (Martelli-Palomino et al., 2013) . The same study indicated UTR-5 as a low producer haplotype associated with low sHLA-G levels in blood plasma compared with other 3-′ UTR haplotypes (Martelli-Palomino et al., 2013) , which is in direct conflict with another study, where UTR-5 exhibited the highest sHLA-G in donor blood serum, even despite individuals being heterozygous (Di Cristofaro et al., 2013) . In support of the latter findings, the UTR-5 haplotype is characterized by the 256 T and 2725 T alleles in the 5 ′ -URR, and highsoluble expression levels have previously been reported for these alleles (Jassem et al., 2012) . Although further studies are needed, it should be stressed that single polymorphisms in the 3 ′ -UTR and the combined 3 ′ -UTR haplotypes could have different effects on soluble versus cell surface expression of HLA-G. In the placenta, the primary transcript encoding the full-length HLA-G1 comprises the majority of all seven alternatively spliced HLA-G transcripts known, while the G5 transcript encoding the soluble form is the least abundant (Blaschitz et al., 2005) . These previously reported findings are supported in the present study. It is still not clear, however, exactly, which of the isoforms of HLA-G are responsible for its recognized immunomodulatory functions. In a study with single embryos, the predominant forms were G3 and G4, while the other alternatively spliced transcripts were more varied in their expression (Yao et al., 2005) . We did not find a pattern supporting that a specific isoform distribution is associated with allelic balance/imbalance but we did, however, note that the G3 isoform is significantly more abundant for the del/del 14 bp genotype; this observation has been previously reported (Hviid et al., 2003) . The significance of higher abundance of G3 transcripts is unclear, although isoform-specific functions are likely to exist. A recent study re-evaluated the specificity of the antibody MEM-G/9, which is commonly used to detect the native membranebound G1 and soluble G5 protein isoform, and showed that it also detects G3 on the cell surface (Zhao et al., 2012) . Thus, a fraction of the HLA-G cell surface expression detected in the current study could represent the G3 protein isoform. Transcriptional regulation is likely to have an impact on the overall distribution of HLA-G mRNA and protein isoforms, and future studies are warranted to elucidate whether isoform distribution is associated with specific HLA-G alleles/ genotypes, a shift in isoform repertoire-as observed in embryosduring the course of pregnancy, and, importantly, potential isoformspecific functions.
It is generally accepted that 5 ′ -URR and 3 ′ -UTR polymorphisms might influence gene expression. It is not clear, however, whether the allelic imbalance observed in the current study reflects regulation at the transcriptional or post-transcriptional level. The extended HLA-G promoter haplotypes would have the most prominent effect in the former case, while the 3 ′ -UTR haplotypes would have more impact in the latter.
Most likely, HLA-G expression is tightly regulated at both the transcriptional level and at the level of mRNA. Nonetheless, this study shows that HLA-G1 (and possibly HLA-G3) is highly expressed on the surface of trophoblast cells that are allelic balanced for the 14 bp ins/del, and with expression levels that even exceed those of the del/del genotype, often associated with highest expression. If previous findings hold true that sHLA-G is immune-modulating in a dose-dependent manner (Kapasi et al., 2000) , the significantly lower surface expression of HLA-G we observed in samples exhibiting evident allelic imbalance could have implications for genetic studies in relation to disease, especially pre-eclampsia and recurrent spontaneous abortions, as well as cancer immunology. Our findings could, at least in part, explain some of the discrepancies in other studies investigating the 14 bp ins/del polymorphism and other HLA-G SNPs in relation to expression levels. Furthermore, the high membrane-bound HLA-G protein expression in cases of allelic balance may favor some embryos, or fetuses, that are heterozygous for HLA haplotypes and fits into the concept of balancing selection working at the HLA-G locus (Tan et al., 2005; Sabbagh et al., 2014) . Likely, conventional biological interpretations of the genotype -phenotype relationship should be reconsidered and allelic expression of the 14 bp ins/del polymorphism, and a range of 3 ′ -UTR haplotypes, should be further studied in future experiments in order to fully understand and exploit the suppressive activity of HLA-G in a wide range of associated diseases, and especially in relation to reproduction.
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